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ABSTRACT  Batrachotoxin  (BTX)-activated  Na  +  channels  from  rabbit  skeletal 
muscle  were  incorporated  into  planar  lipid  bilayers.  These  channels  appear  to 
open most of the time at voltages >-  60 mV. Local anesthetics, including QX-314, 
bupivacalne,  and cocaine when  applied  internally,  induce different durations  of 
channel closures and can be characterized as "fast" (mean closed duration < 10 ms 
at  +50  mV),  "intermediate"  (~80  ms),  and  "slow"  (~400  ms) blockers,  respec- 
tively. The action of these local anesthetics on the Na + channel is voltage depen- 
dent;  larger  depolarizations  give rise  to stronger binding interactions.  Both the 
dose-response curve and the kinetics of the cocaine-induced closures indicate that 
there is a single class of cocaine-binding site. QX-314, though a quaternary-amine 
local anesthetic, apparently competes with the same binding site. External cocaine 
or bupivacaine  application  is almost as effective as internal  application,  whereas 
external QX-314 is ineffective. Interestingly, external Na  + ions reduce the cocaine 
binding affinity drastically,  whereas internal  Na + ions have little  effect.  Both the 
cocaine association and dissociation rate constants are altered when external Na  + 
ion concentrations are raised.  We conclude that (a) one cocaine molecule closes 
one BTX-activated Na  + channel in an all-or-none manner,  (b) the binding affinity 
of cocaine  is voltage sensitive,  (c)  this  cocaine binding site  can  be  reached by a 
hydrophilic  pathway  through  internal  surface  and  by  a  hydrophobic  pathway 
through bilayer membrane,  and (d)  that this binding site interacts indirectly with 
the Na  + ions. A direct interaction between the receptor and Na  + ions seems mini- 
mal. 
INTRODUCTION 
Local anesthetics reversibly inhibit Na  § currents in nerve and in muscle. Three com- 
plicated modes of local anesthetic action have been described so far, including tonic 
block of Na + currents at the resting potential, use-dependent block of Na + currents 
after repetitive depolarizations at constant voltages, and voltage-dependent block of 
Na +  currents  after  repetitive  depolarizations  at  various  voltages  (for  review  see 
Hille,  1984; Strichartz  and  Ritchie,  1987).  Despite  numerous  studies  over the last 
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decade, the mechanism of local anesthetic action, however, remains unresolved. The 
main reason for this difficulty is that Na + channels appear to have many transient 
conformations, which are known to be both voltage and time dependent. Concep- 
tually, all these transient conformations may interact with the local anesthetic drug. 
Because of this complication several different hypotheses were proposed to explain 
the  local  anesthetic  action  on  the  inhibition  of macroscopic  Na +  currents  (e.g., 
Strichartz,  1973;  Khodorov et al.,  1976;  Hille,  1977;  Hondeghem and  Katzung, 
1977; Starmer, 1987; Strichartz and Ritchie, 1987). 
In contrast to many voltage- and time-dependent conformations of normal Na + 
channels, it has been well documented that in planar bilayer batrachotoxin (BTX)- 
activated Na + channels remain open most of the time at voltages larger than  -60 
mV  (e.g.,  Krueger et al.,  1983;  Moczydlowski et  al.,  1984a).  Furthermore,  local 
anesthetics do not appear to bind to the BTX-binding site (Postma and Catterall, 
1984). Accordingly, the blocking effects of local anesthetics may be observed in the 
bilayer system (Moczydlowski et al., 1986). Because of these two reasons, the planar 
bilayer system might provide a unique opportunity to investigate the detailed kinet- 
ics of open channel-local anesthetic interactions. In this report, we have focused on 
the mechanism of cocaine-induced closures of single BTX-activated Na + channels in 
planar bilayers. Cocaine is the first local anesthetic used clinically (for history, see 
Ritchie and  Greene,  1985).  It contains a  tertiary amine  group with a  pI~ of 8.5 
(Katzung, 1982). In addition to cocaine, when appropriate, we also show the results 
of two other local anesthetics, QX-314 and bupivacaine (pK~, 8.1), for comparison. 
Our results support the hypothesis that there is one single cocaine binding site on 
the BTX-modified Na + channel and that quaternary amine local anesthetic QX-314 
appears to compete directly for this binding site. The binding of cocaine is strongly 
voltage-dependent in bilayers for the open Na  + channels. In addition, external Na + 
ions are found to reduce the cocaine-binding affinity significantly. To our surprise, 
internal Na + ions display little effect on the cocaine binding. 
MATERIALS  AND  METHODS 
Chemicals and Membrane Preparation 
Synthetic phospholipids, phosphatidylcholine (PC) and phosphatidylethanolamine (PE), were 
purchased from Avanti Polar Lipids (Birmingham,  AL). BTX was a generous gift from Dr. 
John Daly, National Institutes of Health, Bethesda, MD. Bupivacaine-HCl  and QX-314-chlo- 
ride were gifts from Dr. Bertil Takman of Astra Pharmaceutical Products, Inc., Worcester, 
MA.  Cocaine hydrochloride was  purchased from Mallinckrodt,  Inc., St.  Louis, MO.  The 
chemical structures of these local anesthetics are shown as follows: 
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The bupivacaine and cocaine molecules contain chiral carbons (not shown). The bupivacaine 
drug used in this study is a mixture of stereoisomers, whereas the cocaine drug is the natu- 
rally occurring chemical, (-) form. Tetrodotoxin was obtained from Calbiochem-Behring 
Corp., La Jolla, CA. All other chemicals were reagent grade from commercial sources without 
further purification. 
Plasma membrane vesicles were prepared from rabbit skeletal muscle as described by Moc- 
zydlowsld and Latorre (1983), and Mocdzydlowski  et al. (1984a). Light vesicles banding on a 
cushion of 30% sucrose (wt/vol) were diluted, pelleted, resuspended at ~ 10 mg protein/mi in 
300 mM sucrose, and stored at -70~ 
Planar Bilayers and Na § Channel Insertion 
Planar bilayers were cast on 100-200-t~m holes in polyvinyl chloride partitions from decane 
solutions containing 13.4 mg/ml PE and 6.7 mg/ml PC. Ionic currents were monitored at 
constant holding voltages, using low-noise electronics, EPC-7 list clamp (Medical Systems 
Corp., Great Neck, NY). Standard aqueous solution was 200 mM NaCI, 0.2 mM EGTA, 10 
mM  HEPES-NaOH, pH  7.4.  Unless otherwise noted, both sides of the bilayer contained 
identical aqueous solutions. All other NaC1 solutions also contained 0.2 mM EGTA and 10 
mM HEPES-NaOH, pH 7.4. 
Insertion of Na  + channels could be detected in the presence of 100 nM BTX added from 
the c/s-side of the bilayer, essentially as described by Krueger et al. (1983). In general, plasma 
membrane vesicles  (~ 10 #g/ml final concentration) were added to the c/s side of the bilayer 
and the voltages were alternated between  -50  and  +50 mV every 20 s to facilitate their 
incorporation. All voltages were defined as intracellular voltage and the external face of Na  + 
channels in the bilayer was defined as zero voltage. These Na  + channels were blocked by 
tetrodotoxin ('rIx) in a voltage-dependent manner, and were activated around -  120 to -80 
mV. The properties of rabbit BTX-activated Na  + channels appeared to be identical to those 
of rat counterparts (Moczydlowski  et al., 1984a). Cocaine-HCl was dissolved in the standard 
aqueous solution at 100 mM stock concentration, aliquoted, and stored at -70"C until use. 
Stock solutions of QX-314 and bupivacaine were stored in -20"C.  In general, local anes- 
thetics were applied internally  unless otherwise indicated. All experiments were performed at 
a room temperature of 25 _+  2"C. Currents were filtered at 50-100 Hz, recorded at 100-Hz 
resolution, stored and later analyzed by an AT computer using a pCLAMP software (Axon 750  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  ￿9 VOLUME  92  ￿9  1988 
Instruments, Inc., Budingame, CA) which uses Marquardt-Levenberg algorithms for statisti- 
cal estimates of open and closed time constants.  Bilayer records containing more than one 
channel were discarded. 
RESULTS 
QX-314, Bupivacaine,  and Cocaine Elicit Short, Intermediate, and Long Closures 
of Single Na + Channels 
Single BTX-activated Na  + channels in planar bilayers are known to open most of the 
time at voltages > -  60 mV (Krueger et al.,  1983). Fig. 1 A shows the control records 
at  _ 50 mV. At this voltage range, brief spontaneous closures can be detected  that 
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FIGURE 1.  Local  anesthetic-induced  closures  of single  BTX-activated  Na  +  channels.  (.4) 
Examples of single-channel events in the absence of local anesthetic at • 50 mV. Records with 
brief closures were selected to indicate the current amplitude. The normally downward cur- 
rents at -  50 mV were displayed upward for comparison throughout this report. (B) After the 
addition of 5 mM QX-314. (c) After the addition of 300 #M bupivacaine. (D) After the addi- 
tion of 300 gM cocaine. C and D are from different bilayers. Note that all three local anes- 
thetics elicit stronger effects at the larger potential. Bilayers were formed in standard aque- 
ous solution. 
account for only ~3% fractional time with no apparent voltage dependence (also see 
Moczydlowski et al.,  1984a),  whereas  about  97% of the  time  the  channels  remain 
open. 
When QX-314 is added to the internal  side of Na  § channels, an apparent reduc- 
tion  in  the  unitary  current  flowing through  open channels  is  observed  (Fig.  1 B). 
This effect exhibits an apparent voltage dependence;  the reduction of unitary con- 
ductance  by  Qx-314  increases  with  increasing  depolarizations.  As  a  result,  the 
ohmic I-V relation in the absence of drugs is altered to a rectifying IoV curve in the 
presence of QX-314 (Fig. 2).  In addition,  the current record shows a greater noise 
at  +50  mV after QX-314 addition.  These results are in agreement with a  previous WAN(;  Cocaine-induced  Closures of Batrachotoxin-aaivated Na  + Channels  751 
report  by Moczydlowski et  al.  (1986).  They suggested  that  this  drug is  a  "fast" 
blocker, which exhibits on and off kinetics within 10-20 ms, so that the open chan- 
nel is interrupted by the drug with an on-off flickering too fast to be resolved by our 
recording resolution. 
In contrast, both bupivacaine and cocaine induce clear closing events (Fig.  1,  C 
and D).  The mean duration of these closing events at  +50 mV is measured to be 
403 and 80 ms for cocaine and bupivacaine, respectively; the mean open duration is 
110 ms and 317 ms, respectively. Thus, based on the dwell time of closures, bupiva- 
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FIGURE 2.  (A) Current-voltage rela- 
tions before and after the addition of 
internal  or external  5 mM QX-314. 
(o) Before Qx-314, (A) after external 
Qx-314, and  (11) after internal  Qx- 
314.  Current  amplitudes  of  open 
events  within  a  1-min  record  were 
measured  and  averaged.  Brief  clo- 
sures of <30 ms were not registered 
as closures.  This bilayer was formed 
in  standard  aqueous  solution.  (B) 
Voltage  dependence of the intracel- 
lular  QX-314  block.  The  data  (ll) 
from A at each voltage were averaged 
and  used  to  obtain  the  KD  value 
according to the equation KD = [QX- 
314].ib/(io-i O,  where  [QX-314]  is 
5 mM, i  o is the current amplitude in 
the absence  of blocker,  and ib is the 
averaged  current  amplitude  in  the 
presence  of  internal  QX-314.  The 
solid line  is drawn by eye according 
to the equation KD = KD(0 mV). exp 
(-~AVe/kT), where KD(0 mV) is esti- 
mated  to  be  6.6  mM,  ~ is  an  esti- 
mated  equivalent  valence  of  0.46 
(0.48  •  0.02, n = 3), AVis the mem- 
brane  potential  difference,  e  is  the 
elementary charge, k is Boltzmann's 
constant, and T is the temperature in 
Kelvin. 
caine is considered to be an  "intermediate"  blocker and cocaine a  "slower" one. 
The amplitude of the Na  § channel unitary conductance, however, is slightly altered 
by bupivacaine or cocaine at moderate concentrations (Fig.  3, left panel).  A  small 
reduction  of the  mean  unitary  current  (mean  amplitude:  bupivacaine,  0.91  pA; 
cocaine, 0.85 pA; control,  1.05 pA at  +50 mV) is observed. As the open duration 
decreases, the averaged current amplitude is more likely to be reduced (Fig.  3, right 
panel).  Since  brief closures  of <30  ms  were  included  in  the  opening event  (see 
below), the averaged current amplitude of openings is biased and may appear to be 752  THE  JOURNAL OF  GENERAL  PHYSIOLOGY ￿9 VOLUME  92  ￿9  1988 
less than the true value of the unitary conductance. At high cocaine concentrations 
(>__1  mM),  the  single-channel  conductance  cannot  be  measured  meaningfully 
because of the extremely short opening events. These results suggest that local anes- 
thetics do not affect the single-channel amplitude.  Instead, the observed reduction 
can be attributed to the limited bilayer resolution. 
The action of bupivacaine and cocaine appears to be strongly voltage-dependent; 
higher voltages give rise  to stronger blocking effects (Fig.  1).  This voltage depen- 
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F[GURE 3.  (A  and B,  left  panel)  Amplitude  histograms  of BTX-activated  Na~  channels 
at + 50 mV in the presence of internal bupivacaine  or cocaine (300 ~M). The amplitude  of 
each opening event was determined by averaging  all data points in the opening event.  An 
open event was registered when the amplitude  of the current reached a threshold set at half 
of the averaged  current amplitude,  ~0.5 pA, After the opening, the duration of an open 
event was measured when the channel closed below threshold for at least 30 ms. Brief clo- 
sures of <30 ms were not counted as closures.  Opening events that lasted only 10 ms were 
arbitrarily  set as zero current. Bilayers were formed in standard aqueous solution.  (A and B, 
right  panel)  Open duration vs.  amplitude  plots.  The amplitude  determined in  each open 
event are plotted against the open duration. As the open duration becomes shorter, the aver- 
aged amplitude  of such an event also becomes smaller. Only 150 events are shown for bupi- 
vacaine and cocaine, both applied internally  at 300/~M.  The membrane potential was  +50 
mV. 
dence of the closing events seems comparable with the voltage dependence of the 
current reduction by QX-314, and is opposite to that of benzocaine and procaine 
reported previously (Moczdlowski et al.,  1986). In the remaining section, the action 
of cocaine will be described in detail since cocaine appears to be the most potent 
drug among the various other local anesthetics  tested so far in bilayers,  including 
lidocaine, etidocaine, GEA-968, procaine, and benzocaine. WANG  Cocaine-induced  Closures of Batrachotoxin-aaivated Na + Channels  753 
Equilibrium Cocaine Binding Indicates  a Single Binding Site Present in the Na § 
Channel 
To characterize  the drug-binding site(s),  the  reduction  of the open probability by 
cocaine  is  analyzed  at  various  cocaine  concentrations.  Fig.  4,  A  and B  show  the 
blocking events and the dose-response curves of cocaine on the open probability of 
Na + channels,  from 10 .M up to 3 raM. At this concentration range, the fractional 
closed time can be well described by the Langmuir isotherm: 
fc  =  [L]/(KD(app) +  [L])  (1) 
where fc is the fractional closed time (1  -fo, where fo is the fractional open time), 
[L ] is the concentration of cocaine, and Ko(~p) is the apparent dissociation constant 
+  50  mV 
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FIGURE 4.  Dose-response curves for cocaine-induced closures. (A) Examples of single-chan- 
nel current traces at + 50 mV with various internal cocaine concentrations in standard aque- 
ous solution. Total open times decrease as the cocaine concentration is raised from 10 #M up 
to 3 raM. (B) The fractional open time (fo) is plotted against the cocaine concentration. The 
solid line is drawn according to Eq.  1 and is fitted by eye. Km~,e)  for cocaine at +50 mV is 80 
/~M, Km,pp)  at -50 mV is 600 #M. Bilayer membranes were formed in standard buffer. Each 
data point represents the fractional open time of a 5- or 10-rain continuous record contain- 
ing >500 opening events. 
of cocaine concentration at whichfc =  0.5. The K~,)  at -50  mV is calculated to be 
600  /~M, about  eightfold  higher  than  the  K~app) at  +50  mV,  which  is measured 
at ~80 #M.  These data suggest that the blocking events after the cocaine addition 
are due to the binding of one cocaine molecule to one Na  § channel,  and that the 
binding affinity is strongly voltage dependent.  Further kinetic analyses will follow to 
substantiate these notions. 
Kinetics of Cocaine-induced  Channel Closures 
In Fig. 5, A and B, open-time and closed-time histograms after the internal cocaine 
addition are presented.  Despite the exclusion of ~85% of fast spontaneous closing 754  THE JOURNAL OF GENEP.XL PHYSIOLOGY  ￿9  VOLUME 92 ￿9 1988 
events with the cut-off time of 30  ms,  the histograms presumably still contain the 
intrinsic spontaneous closing events, estimated to be ~2.5% of the cocaine-induced 
total events in a  5-min recording time. The spontaneous closing events in this volt- 
age have closed-time constants of 7.8 and 102  ms (see Moczydlowski et al., 1984a). 
Consequendy,  the kinetic data in this report are contaminated with these intrinsic 
closing events. This error can not be easily corrected because the intrinsic closing 
events overlap with the cocaine-induced closing events. However, since the intrinsic 
closing events are rare, the closed-time and open-time histograms in the presence of 
cocaine  can  still be  well  fitted  with  a  single  exponential  at  the  various  voltages 
120 
E 
0  p,,) 
~  6o 
o  Q 
g 
0 
0 
I00- 
~  , 
, 
o 
D" 
u~  O 
0 
A 
,,i,,,Jl,lrll,l,lJll,ll~rl,,  I 
300  600  900 
Open  Time  (ms) 
t5 
1500  3000 
Closed  Time  (ms) 
FIGURE 5.  Kinetic  properties  of 
cocaine-induced  closures  on  single 
BTX-activated Na  § channels. (A) Dis- 
tribution  of  open  time.  Open-time 
intervals were measured in standard 
aqueous soludon with 300-#M inter- 
nal  cocaine  at  +50  mV  in  a  5-min 
record  containing  598  events.  All 
observations longer than 30 ms were 
fitted  by  the  method  of  nonlinear 
least-square  (pSTAT  Software  of 
Axon Instruments, Inc.) with a distri- 
bution described by a  one-exponen- 
tiai  term:  N(t)  =  N.exp(-t/ro), 
where  N(t)  is  the  number  of open 
events of duration >-t, N  is the num- 
ber of events in the population at t = 
0, and To is the mean open time; N  = 
187, *'o =  106 ms. (B) Distribution of 
closed time. The same membrane as 
A.  All observations longer  than  60 
ms  were  fitted  with  the  equation, 
N(t) = N.exp(-t/7~);  N  =  116, T, = 
337  ms.  In  several  experiments 
under  the  same  conditions,  the  ro 
and ~'c values were 96.8  -+  14.3  and 
367.0  +  48.7  ms  (n-5),  respec- 
tively. 
tested, which  suggests  that  most  events  (>95%)  are  caused by a  binding reaction 
between  cocaine  and  the  Na  §  channel.  The  cocaine-binding  reaction  may  be 
described as the following: 
kl 
O+L.  k_~  'O.L,  (SchemeA) 
where  O  stands  for  open  channel,  L  for  local  anesthetic  cocaine,  O.L  for  the 
cocaine-bound  nonconducting  Na  +  channel,  kl  for  the  rate  constant  for  cocaine 
association, and k_l for the rate constant for cocaine dissociation from the channel. WANG  Cocaine.induced  Closures of Batrachotoxin-aaivated Na  + Channels  755 
The rate constants can be related to the open (*'o) and closed (*',) time distribution: 
kl ffi ]/(*'o" [L])  (2) 
k_,  = 1/'7o  (3) 
and the cocaine dissociation constant is calculated as: 
K D = k_ l/k 1.  (4) 
For scheme A  to be correct, it is necessary to establish that  1/*'o is concentration 
dependent, whereas  1/*'c is not. Fig.  6, A  and B show that for the best approxima- 
tion this is the case. At •  mV, the 1/*'o value increases as a linear function of the 
cocaine concentration,  whereas  1/*'c is essentially constant. This result thus agrees 
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FIGURE 6.  Cocaine  concentration 
dependence  of the  channel  closing 
and opening rates.  (A)  Plot  of 1/r 
and (B) 1/r  vs. internal cocaine con- 
centration at •  mV. Solid lines are 
drawn by eye.  The ro and T  c values 
were measured in standard aqueous 
solution as described in Fig. 5. 
well with the prediction of scheme A. The Ka values determined by the kinetic anal- 
yses  (for  example,  KD =  94  /~M  at  +50  mV;  in  six  separate  experiments, 
Kv =  75.5 _  17.3 #M) are also consistent with equilibrium binding results  (80 I~M 
at + 50 mV). We conclude that cocaine is an open-channel blocker that apparently 
binds with the Na  § channel in a one-to-one relationship. 
Voltage and Na + Ion Dependgnce of Cocaine Binding 
Fig. 7 shows the cocaine-binding rate constants measured over a range of voltages at 
100 and 500 mM Na  + concentrations.  Both rate constants vary exponentially with 
voltage, with kl increasing e-fold per 73 mV (Fig. 7 A), and k_l decreasing e-fold per 
119  mV (Fig.  7 B).  Furthermore,  these  rate  constants  are  [Na  +]  dependent.  The 
association rate constants are greatly reduced by about fourfold when the Na  + ions 756  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY.  VOLUME  92  ￿9 1988 
are raised from 100 to 500 mM, which suggests that Na  § ions may compete with the 
cocaine-binding  site.  However,  one unexpected  result  that  deviates  from a  strict 
competition scheme between Na § and cocaine for the binding site is that k_l is also 
increased  by  raising  Na  §  ions.  Evidently,  Na §  ions  enhance  the  dissociation  of 
cocaine  from  its  binding  site,  which  demonstrates  that  secondary  interactions 
between Na § ions and the cocaine-binding site have occurred. Fig. 8 shows the Na § 
dependence of KD measurements at various voltages.  Higher Na  § ions reduce the 
binding affinity, whereas higher voltages increase the binding affinity. An increase 
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FIGURE 7.  (A) On (kl) and (B) 
off  (k_l)  rate  constants  of 
cocaine binding as a  function 
of voltage  and  Na  + ion  con- 
centration.  The rate constants 
were  calculated  using  Eqs.  2 
and  3.  Cocaine  was  applied 
inside  at 300 #M in either 100 
or 500  mM symmetrical NaCI 
with  0.2  mM  EGTA  and  10 
mM  HEPES-NaOH,  pH  7.4. 
Solid  lines  are  drawn  by eye. 
Each point in the figure repre- 
sents a 5-min record with 500- 
1,000  events  analyzed  as 
shown in Fig. 5. 
of voltage by 44 mV decreases the KD value by e-fold. This curve can be fitted by the 
equation: 
KD(AV) = KD(0 mV).exp (-~AVe/kT)  (5) 
where KD(0 mV) is the estimated KD at 0 mV, ~ is an equivalent valence that quanti- 
fies how the applied voltage (AV) affects cocaine binding, e is the elementary charge, 
k is Boltzmann's constant,  and  T  is the temperature in Kelvin. The 6 value is esti- 
mated to be 0.59 for cocaine at both  100 and 500 mM  [Na§  In several separate 
experiments, the mean 6 value is 0.55  _  0.07 (SD, n  =  5). This value is slightly larger WANG  Cocaine-induced Closures of Batrachotoxin-activated Na + Channels  757 
than the 6 value for QX-314 (6 = 0.48 --- 0.02, n =  3, Fig. 2) and close to the value 
for bupivacaine (6 = 0.58, n =  2). 
The Effects of External and Internal Na + Ions on the Cocaine Binding 
Since raising the symmetrical Na  + ion concentrations reduces the cocaine-binding 
affinity significandy, it seems appropriate to study the effects of Na  + ions at asym- 
metrical conditions so that the mechanism of this phenomenon can be better under- 
stood.  To our surprise,  the  internal  Na  + ions appear  to have  little  effect on the 
cocaine binding. Increase of the internal Na  + ions from 40 to 200 mM (while keep- 
ing the external  [Na  +] constant at 200 mM) does not reduce the binding affinity of 
cocaine. The KD value,  the k  a, and the k~  values remain nearly identical to those 
measured at  200  mM symmetrical Na  + ions  (Fig.  9).  Increasing the  internal  Na  + 
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FIGURE 8.  Voltage  depen- 
dence of the KD values at 100- 
and 500-mM  NaCI concentra- 
tions.  The  KD  values  were 
calculated  according to Eq.  4. 
Both  k~  and  k_~  were  taken 
from  Fig.  7.  Solid  lines  are 
drawn by eye. 
ions further, from 100 up to 400 mM in two separate experiments  (while  keeping 
the external [Na  §  constant at 500 mM), also fails to significantly change the kinetic 
values at V ~  0 mV among these conditions. 
In contrast, an increase of the external Na  § ions from 100 to 300 mM drastically 
alters the cocaine-binding kinetics (Fig.  10).  The cocaine dissociation rate constant 
(k_l)  is  raised  by  the  increase  of Na  +  ions,  whereas  the  association  rate  (k0  is 
reduced.  In general, the association rate is affected more than the dissociation rate 
by external  [Na+]. It is usually easier to detect the differences in the hi  than in the 
k_l (Figs.  7 and 10; k_l =  2.6 +- 0.6 s  -l  [n = 4], 3.7 _+  1.0 s -! [nm 4], and 4.9 + 0.6 
s -~ [n = 5] estimated at V = 0 mV for external 100, 300, and 500 mM [Na+], respec- 
tively).  The  calculated  KD  value  is  increased  by  almost  sixfold.  The  kinetics  of 758  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY ￿9 VOLUME  92  ￿9  1988 
cocaine binding in the 300 mM Na  § (out)/100 mM Na  § (in) condition are therefore 
almost identical to that in 300 mM symmetrical Na + ions. These results demonstrate 
that the binding of cocaine can be strongly influenced by the external Na  § ions but 
not by the internal Na  + ions. 
QX-314 and Cocaine Binding Competition 
Because of the similar voltage dependence of QX-314 and cocaine in the reduction 
of the Na  + current amplitude and in the induced-closure events, respectively, it is 
reasonable to suspect that  these two local anesthetics may compete with the same 
binding site. When 5 mM QX-314 was added to the internal solution containing 300 
#M cocaine, the single Na  + channel conductance at  + 50 mV was reduced and the 
current was noisier as to the cocaine-treated counterpart (Fig. 11, A and B). In addi- 
tion,  the open duration of the single channel was significantly lengthened by QX- 
.-.. 
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314  (Fig.  11,  C  and D). The closed durations, however,  remained unchanged  and 
their time constants were measured at 2.34  s -l for cocaine alone and 2.24 s -I for 
cocaine plus QX-314  in the same bilayer at  +50  mV. 
Also as expected, Qx-314  at -  50 mV did not compete as strongly with cocaine as 
at  + 50  inV. The To value with the cocaine alone was only increased by a  factor of 
1.36 at -50  mV by 5  mM QX-314, whereas at +50  mV it was increased by a  factor 
of 2.95.  In contrast, the 7c value was little changed by QX-314 whether the voltage 
was at  + 50 or  -50  mV. These results demonstrate that QXo314  and cocaine com- 
pete with the same binding site and is consistent with the following simple kinetic WM,  IG  Cocaine-induced Closures of Batrachotoxin-activated Na + Channds 
scheme B: 
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cocaine 
O-  %  ; 0  ￿9 cocaine (blocked) 
~ 
QX-314 
O  ￿9 QX-314 (flickering) 
(Scheme B) 
where O  is the conducting Na  § channel.  Both cocaine and QX-314 compete with 
the same binding site and it is mutually exclusive. When the channel is occupied by a 
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cocaine molecule, QX-314 cannot reach its binding site; thus,  the dissociation rate 
constant for cocaine is not changed. Similarly, when the channel is occupied by a 
QX-314 molecule, cocaine has to wait for QX-314 unbinding. As a result, the asso- 
ciation rate constant for cocaine is decreased by QX-314 (Fig.  11). Since the on and 
off kinetics  for QX-314  are  extremely  fast  while  the  channel  is  not bound with 
cocaine, no normal  Na  + currents are  detected.  From scheme B,  an equation can 760  a'HE JOURNAL OF GENERAL PHYSIOLOGY  ￿9  VOLUME 92 ￿9 1988 
also be further derived to calculate the KD values of QX-314: 
[QX'314] / 
r  =  to(V)  1  +  Kr,(V)  ]'  (6) 
where 7o(V)~pp and to(V) are the apparent open time constants at voltage  V in the 
presence of cocaine plus QX-314, and cocaine alone, respectively; [QX-314] is the 
concentration of QX-314 applied; KD(V) is the dissociation constant for QX-314 at 
voltage V. The calculated KD values for QX-314 are  13.9  mM at  -50  mV and 2.6 
mM at +50 mV, These values are in good agreement with the directly measured KD 
values shown in Fig. 2 B. 
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FIGURE 11.  Competition between QX-314 and cocaine. Examples of single-channel records 
at + 50 mV in the presence of (A) 300 #M cocaine and (B) in the presence of both 300 ttM 
cocaine and 5 mM QX-314. Both drugs were applied from inside.  (C) Distribution of open 
time with 300 ttM cocaine. The data were measured as described in Fig. 5. N =  248, ro =  78 
ms. (D) Distribution of open time with 300 ttM cocaine and 5 mM QX-314. N = 105, ~o = 151 
ms. Bilayer membrane was formed in a 200-mM symmetrical NaCI solution. 
External  Vs. Internal Applications of Local Anesthetic QX-314,  Bupivacaine, 
and Cocaine 
QX-314 is a quaternary local anesthetic with a permanent charge. This charged mol- 
ecule does not pass through the membrane nor does it pass through the channel ion 
pathway judging by the fact that external application of QX-314 has no effects on 
the  single-channel  conductance  (Fig.  2).  On  the  other  hand,  bupivacaine  and 
cocaine are both lipid-soluble drugs and can easily pass through the membrane bar- 
rier (Ritchie and Greene, 1985). Consequently, external applications of bupivacaine WANG  Cocaine-induced  Closures of Batrachotoxin-aaitmted Na + Channels  761 
and cocaine are almost as effective as internal applications. The potency of drugs, 
i.e., the KD value estimated by k_l/kl, is comparable between internal and external 
applications.  For example, in two separate experiments the average KD value for 
externally applied cocaine is 118 ~M at + 50 mV in the 200-ram symmetrical NaCI 
concentration, which is quite close to the value of internally applied cocaine (~76 
/~M). These results suggest that both hydrophobic and hydrophilic pathways exist for 
tertiary amine local anesthetics. Only the hydrophilic pathway is present for the qua- 
ternary amine derivative QX-314. 
The externally applied cocaine molecule appears to bind to the same binding site 
as the internally applied cocaine molecule. As a piece of evidence, external Na + ions 
are found to compete effectively  with cocaine binding even when the drug is applied 
from the outside. Similarly, internal QX-314 also competes strongly with the exter- 
nally applied cocaine molecule. These results further confirm that there is only one 
single class of binding site for the cocaine molecule, and this binding site can be 
reached by a hydrophobic or hydrophilic pathway. 
DISCUSSION 
One Cocaine Molecule Closes One Na + Channel 
This report demonstrates that local anesthetics, such as cocaine and bupivacaine at 
moderate concentrations, close the channels in an all-or-none manner. Although 
QX-314 reduces the single-channel conductance and elicits a higher current noise, 
these effects are present only at high concentrations and are probably due to the 
fast dissociation rate  of this  drug, which exceeds our recording resolution.  The 
result obtained from the cocaine dose-response curve strongly indicates that one 
cocaine molecule closes one Na + channel. A common local anesthetic binding site is 
sufficient to explain our kinetic data from bilayers with externally and internally 
applied cocaine, which display a single-exponential distribution for both closed and 
open  times.  This  phenomenon  is  in  agreement  with  the  hypothesis  that  both 
charged and neutral forms of tertiary-amine local anesthetics can reach this com- 
mon receptor site through hydrophilic and hydrophobic pathways (Hille, 1977). 
Voltage-dependent  Binding of Local Anesthetics 
Ever  since  the  report  of Strichartz  (1973),  who  first  demonstrated  the  voltage- 
dependent inhibition of Na + currents by QX-314  in frog myelinated nerve, many 
local anesthetics (but not all)  have been  characterized to exhibit a  similar strong 
voltage-dependent  behavior.  As  a  rule,  larger  repetitive  depolarizations  cause 
greater inhibition of Na + currents by this type of local anesthetics. Such a phenom- 
enon appears to also be present in the BTX-treated Na + channels, despite that local 
anesthetics bind to the BTX-treated channel with lesser affinities as measured by 
electrophysiological and biochemical methods (Khodorov, 1978; Postma and Catter- 
all, 1984). Somewhat surprisingly, Moczydlowski et al. (1986) found that benzocaine 
as well as procaine induce long-lived blocking events more effectively at low voltages 
than  at  high  voltages  (measured  between  -70  to  +50  mV).  In  addition,  they 
observed that these two local anesthetics appear to bind preferentially to a  closed 
state of the BTX-treated channel. (Procaine also reduces the Na + conductance but 762  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY ￿9 VOLUME  92  ￿9 1988 
in a voltage-dependent manner similar to that of QX-314.) This opposite voltage- 
dependence of local anesthetic inhibition of Na § currents in bilayers has not been 
described in normal Na §  channels (Hille, 1984). Whether or not these two different 
blocking modes are mediated via different anesthetic binding sites remains to be 
established. 
Mechanisms of Voltage-dependent Binding 
The voltage dependence of the cocaine binding exhibits an effective valence of 6 = 
0.55  (Fig.  8). This value is comparable to that for bupivacaine (6 = 0.58)  and for 
QX-314  (6 = 0.48 from this report; also see Strichartz,  1973; Moczydlowski et al., 
1986). In a model proposed by Strichartz (1973), this parameter was taken to reflect 
the depth of drug penetration influenced by the applied field. If true, our results 
indicate that all three local anesthetics can enter the Na + channel as deep as half of 
the electric field. Consistent with this model is that the rate constants for cocaine 
association (ki) and dissociation (k_0 are both voltage dependent. The association of 
drug with the binding site is favored by depolarization, whereas the dissociation is 
favored by hyperpolarization. 
Although  our  results  agree  with  the  hypothesis  that  local  anesthetics  move 
through the electric field to reach their binding site, they by no means exclude other 
possible mechanisms for the local anesthetic action. We now discuss these alterna- 
tives. It has been reported that in normal and chloramine-T-treated squid axons the 
apparent  voltage-dependent  inhibition  of  Na  +  currents  by  QX-314  reaches  an 
asymptote at  voltages  above  +50  mV  (Cahalan  and  Almers,  1979;  Wang et  al., 
1987). However, in two preliminary experiments in bilayers, we found no evidence 
of such a  phenomenon at voltages of up to  + 100 mV; the KD values for cocaine 
continue to decrease as the voltage increases. The reason for this difference in nor- 
mal  and  BTX-treated Na +  channels  is  not  clear.  Further  studies  are  needed  to 
extend the measurements of voltage-dependent binding to voltages beyond  _+ 100 
mV. This test is particularly critical in determining the origin of voltage-dependent 
binding. If binding rate constants should saturate at high positive and negative volt- 
ages, this would imply that the receptor conformation can be an important deter- 
minant  for voltage-dependent  binding  (for  discussion  see  Moczydlowski,  1984b; 
Wang et al., 1987). 
In addition to the saturation of the voltage-dependent block in intact tissue at 
high  voltages,  two  major  differences  between  control  and  BTX-activated  Na + 
channels need to be considered. First, Na + channel activation occurs normally be- 
tween  -40  and  +20 mV (Hodgkin and Huxley, 1952) but occurs between  -120 
and -80  mV for BTX-activated Na + channels. Since the activation "gate" may limit 
the access of the drug to its receptor (Strichartz, 1973), the voltage-dependent block 
in intact tissue needs to include this factor (Yeh and Tanguy, 1985; Strichartz and 
Wang,  1986; Starmer, 1987; Wang et al.,  1987).  In planar bilayers, the channel is 
open most of the time between -  50 and + 50 mV. The apparent voltage-dependent 
binding of cocaine and bupivacaine in bilayers, therefore, reflects exclusively the 
open channel/local anesthetic  interactions.  Second, BTX may bring about  a  new 
voltage-dependent binding  of local  anesthetics.  If true,  this  would  resemble  the 
newly uncovered TI'X voltage-dependent binding in BTX-activated Na § channels. WANG  Cocaine-induced  Closures of Batrachotoxin-aaivated Na § Channels  763 
So far, no direct voltage-dependent binding was found between TIX and normal 
Na + channels  in  nerves  (Rando  and  Strichartz,  1986).  Based  on  these  consider- 
ations,  the  mechanism  of the  voltage-dependent  binding  in  intact  tissue  and  in 
bilayers may be considerably different. 
Is the Cocaine-binding Site Within the Pore? 
The strong voltage dependence of cocaine binding seems to support that its recep- 
tor is  deeply within  the  ion  conduction pathway (French  and  Shoukimas,  1985). 
However, as discussed above, this evidence alone may be insufficient to make a firm 
conclusion. For example, in lipid bilayers Trx  also exhibits a similarly strong volt- 
age-dependent binding, but its binding site is proposed to locate superficially on the 
Na + channel's external surface and not deep within the channel pore (Moczydiowski 
et al.,  1984b; Green et al.,  1987). 
More directly, in this report we have shown that QX-314 competes with cocaine 
for its binding site in a mutually exclusive manner. Since QX-314 carries a perma- 
nent charge, it does not penetrate deeply to the hydrophobic area.  Based on the 
internal QX-314 block of Na + currents in nerve, it has been suggested that the QX- 
314-binding site is located in the pore between the selectivity filter and the physical 
gate(s) (Strichartz, 1973; Hille, 1984). Taken together, our results therefore suggest 
that  the cocaine-binding site is  also located within  the aqueous  pore that can be 
reached by QX-314 only when this drug is applied internally. In addition, the fact 
that  external but not internal  Na + ions reduce the cocaine binding affinity gives 
further strong support for such an interpretation. This Na  + ion effect will be dis- 
cussed in more detail in the following text. 
External Na § Ions Reduce the Binding A~ainity of Cocaine 
Our  results  demonstrate  that  the  external  Na +  ions  have  strong effects on  the 
cocaine-binding interactions (Fig.  10). An increase of the external Na + ion concen- 
tration from 100 to 300 mM reduces the binding affinity by 5.5-fold. These data are 
in agreement with the report of Cahalan and Almers (1979) who have shown that 
after the removal of Na + ions from external solution the blocking effect of inter- 
nally applied  QX-314  is  enhanced,  which  demonstrates  the  antagonism  between 
external  Na +  ions  and  internal  QX-314.  In  bilayers,  the  QX-314  effect is  also 
enhanced by about  twofold when  the  external  Na + ion concentration is reduced 
from 200 to 100 mM (data not shown). 
What is the mechanism underlying the antagonistic effect between external Na + 
ions  and  the  local  anesthetics?  The  kinetics  of the  cocaine-binding  interactions 
under various external  Na + ion concentrations may provide some  clues.  A  strict 
competition between Na + ions and the cocaine molecules for the cocaine.binding 
site will reduce the cocaine-binding affinity. However, under the strict competition 
scheme, both internal or external Na + ions should not affect the dissociation rate 
constant of cocaine (i.e., k_l,  scheme A), but only reduce the cocaine association 
rate constant (kl). This is not what we have observed. Both the cocaine association 
and dissociation rate constants are changed by the external Na + ions but not by the 
internal Na + ions. As a comparison, the internal QX-314 was found to compete with 
cocaine at a  mutually exclusive manner (scheme B).  Only the cocaine association 764  THE JOURNAL OF GENERAL PHYSIOLOGY ￿9 VOLUME 92 ￿9 1988 
rate  was  reduced;  the  dissociation rate  was  not altered by the  internal QX-314. 
These  results  thus  suggest  that  either electrostatic  repulsion (i.e.,  a  "knock-out" 
phenomenon)  or  some  indirect  interactions  occur  between  Na  §  ions  and  the 
cocaine-binding  site. 
I  thank Dr. Christopher Miller and Dr.  Moise Eisenberg for teaching me the lipid bilayer tech- 
nique. I am very grateful for the gifts of various drugs from Drs. John Daly, Bertil Takman, and 
Virgil Sanchez. 
This study is supported by a grant from the National Institutes of Health (GM-35401). 
Original version received 19 Janua,) 1988 and accepted version received 12 July 1988. 
REFERENCES 
Cahalan, M.  D., and W. Almers.  1979.  Interactions between quaternary lidocalne,  the sodium 
channel gates and tetrodotoxin. Biophysical  Journal.  27:39-56. 
French, R.J., andJ. J. Shoukimas. 1985. An ion's view of the potassium channel. The structure of 
the permeation pathway as sensed by a variety of blocking ions. Journal  of C,  en~al Physiology. 
85:669-698. 
Green, W. N., L. B. Weiss, and O. S. Andersen. 1987. Batrachotoxin-modified sodium channels in 
planar lipid bilayers: characterization of saxitoxin- and tetrodotoxin-induced channel closures. 
Journal of Gtneml Physiology. 89:873-903. 
Hille,  B.  1977.  Local anesthetics:  hydrophilic  and hydrophobic pathways for the drug receptor 
reaction. Journal of General Physiology. 69:497-515. 
Hille, B.  1984.  Mechanisms of block. In Ionic Channels of Excitable Membranes. Sinauer Asso- 
ciates, Inc., Sunderland, MA. 272-302. 
Hodgkin, A. L., and A. E. Huxley.  1952. A quantitative description of membrane current and its 
application to conduction and excitation in nerve. Journal of Physiology. 117:500-544. 
Hondeghem, L. M., and B. G. Katzung.  1977. Time- and voltage-dependent interactions of antiar- 
rhythmic drugs with cardiac sodium channels. Biochimica et Biophysica Aaa.  472:373-398. 
Katzung, B. G. 1982. Basic and Clinical Pharmacology.  B. G. Katzung, editor. Lange Medical Pub- 
lications, CA. p. 2. 
Khodorov, B. I. 1978. Chemicals as tools to study nerve fiber sodium channel: effects of batracho- 
toxin and some local anesthetics.  In Membrane Transport Processes.  Vol 2.  D. Tosteson, Yu 
Ovchinnikov and R. Latorre. editors.  Raven Press, New York. 153-174. 
Khodorov, B. I., L. Shishkova, E. Peganov, and S. Revenko. 1976. Inhibition  of sodium currents in 
frog Ranvier node treated with local anesthetics.  Role of slow sodium inactivation. Biochimica et 
Biophysica Acta. 433:409-435. 
Krueger, B. K., J. F. Worley, and R. J. French. 1983. Single sodium channels from rat brain incor- 
porated into planar lipid bilayer membranes. Nature.  303:172-175. 
Moczydiowski, E., S. S.  Gather, and C.  Miller.  1984a.  Batrachotoxin-activated  Na  + channels in 
planar lipid hilayers. Competition of tetrodotoxin block by Na  +. Journal  of General Physiology. 
84:665-686. 
Moczydlowski, E., S. Hall, S. S. Garber, G. R. Strichartz  and C. Miller. 1984b. Voltage-dependent 
blockade of muscle Na  § channels by quanidinium  toxins. Effect of toxin charge. Journal of Gen- 
eral Physiology. 84:687-704. 
Moczydiowski, E., and R. Latorre. 1983. Saxitoxin and ouabain binding  activity of isolated skeletal 
muscle  membrane as  indicators of surface  origin and purity. Biochimica et  Biophysica Acta. 
732:412-420. WANG  Cocaine-induced  Closures of Batrachotoxin-activated Na + Channels  765 
Moczydiowski, E., A. Uehara,  X.  Guo,  and J.  Heiny.  1986.  Isochannels and blocking modes of 
voltage-dependent sodium channels. Annals of the New York Academy of Sciences. 479:269-292. 
Postma, S. W., and W. A. Catterall. 1984.  Inhibition of binding of [3H]batrachotoxin A20-alpha- 
benzoate to Na channels by local anesthetics. Molecular Pharmacology. 25:219-227. 
Rando, T. A., and G. R. Strichartz. 1986. Saxitoxin blocks batracotoxin-modified sodium channels 
in the node of Ranvier in a voltage-dependent manner. Biophysical  Journal.  49:785-794. 
Ritchie, J. M., and N. M. Greene. 1985. Local anesthetics in the pharmacological basis of therapeu- 
tics. Macmillan Publishing Company. A. G. Gilman, L. S. Goodman, T. W. Rail, and F. Murod, 
editors. 302-321. 
Starmer, C. F. 1987. Theoretical characterization of ion channel blockade: competitive binding to 
periodically accessible receptors. Biophysical  Journal.  52:405-412. 
Strichartz, G. R. 1973. The inhibition of sodium currents in myelinated nerve by quaternary deriv- 
atives of lidocaine. Journal of General Physiology. 62:37-57. 
Strichartz, G. R., andJ. M. Ritchie. 1987. The action of local anesthetics on ion channels of excit- 
able tissues. Handbook of Experimental Pharmacology. 81:21-52. 
Strichartz, G. R., and G. K. Wang.  1986. The kinetic basis for phasic local anesthetic blockade of 
neuronal sodium channels. In Molecular and Cellular Mechanisms of Anesthetics.  S.  H. Roth 
and K. W. Miller, editors. Plenum Publishing Corp., New York. 217-226. 
Wang, G. K., M. S. Brodwick, D. C. Eaton, and G. R. Strichartz.  1987.  Inhibition of sodium cur- 
rents by local anesthetics in chloramine-T-treated squid axons. The role of channel activation. 
Journal of General Physiology. 89:645-667. 
Yeh, J.  z., and J. Tanguy.  1985.  Na channel activation gate modulates slow recovery from use- 
dependent block by local anesthetics in squid giant axons. Biophysical  Journal. 47:685-694. 